Abstract: Nickel-catalyzed carbocyanation reaction of alkynes is described. Alkynes undergo aryl-and allylcyanation reaction in the presence of nickel-phosphine catalysts to give a wide range of substituted acrylonitriles in highly stereo-, regio-, and chemoselective manners. Lewis acid cocatalysts, such as AlMe 3 , AlMe 2 Cl, and BPh 3 , are found to promote the arylcyanation significantly. The cooperative catalysis of nickel and Lewis acid also allows the carbocyanation reaction using alkenyl and alkyl cyanides.
INTRODUCTION
Transition-metal-catalyzed cleavage of C-C single bonds followed by addition of the resulting two organic groups across unsaturated C-C bonds should be of great synthetic potential, because the transformation allows simultaneous formation of two C-C bonds without forming by-products. The catalytic cycle of the transformation may involve oxidative addition of a C-C bond followed by insertion of an unsaturated bond into the resulting C-M bond and reductive elimination (Scheme 1). However, the oxidative addition of a C-C bond to a metal is not feasible generally due to a directionally and sterically constrained C-C σ-bond having a high bond dissociation energy (~85 kcal/mol) [1] . Accordingly, this catalytic transformation has been successful with strained C-C bonds of methylenecyclopropanes [2] , cyclopropenones [3] , cyclobutanes [4] , cyclobutenones [5] , and cyclobutanones [6] . On the other hand, C-CN bonds in very common and ubiquitous nitriles are also cleavable upon treatment with certain transition-metal complexes, in spite of its higher bond dissociation energies (>100 kcal/mol). The driving force of the elemental reaction would be attributable to high affinity to transition metals and electron-withdrawing nature of a cyano group as well as strong M-CN bonds resulting from the activation of C-CN bonds. Nitriles are known to coordinate to transition metals either in an η 1 -or η 2 -fashion (Scheme 2) [7] . In particular, η 2 -coordination further triggers the activation of a C-CN bond via oxidative addition (path A) [8] or via formation of silylisonitrile complexes when a Lewis acidic silyl ligand is located on a metal (path B) [9] . A few seminal reports of catalytic reactions utilizing these elemental reactions including palladium-catalyzed insertion of unsaturated bonds into C(=O)-CN bonds are available [ 10] . We envisioned that the oxidative addition of C-CN bonds (path A in Scheme 2) would constitute an initiation step of the catalysis shown in Scheme 1 to achieve the addition reaction of nitriles across unsaturated bonds, namely, carbocyanation reaction. Especially, we focused our attention on the use of nickel as a catalyst, because the metal complexes have been demonstrated to be very reactive for the activation of C-CN bonds. Herein, we briefly summarize our results of the carbocyanation reaction across alkynes [11] . The scope of alkynes with 1d as an aryl cyanide is shown in Table 2 . Unsymmetrical alkynes gave a mixture of regioisomers, an isomer having a cyano group at the carbon bearing a larger substituent being favored (entries 2 and 3). Substitution of a heteroatom such as oxygen showed no significant influence on the regiochemistry (entry 4). Trimethyl(1-propynyl)silane (2f) also participated in the reaction with the same regiochemistry but gave a mixture of stereoisomers of 7f (entry 5). Predominant formation of cis-adduct (E)-7f at the beginning of the reaction (Z/E = 15:85 at 1 h) may suggest that the initial cis-adduct isomerizes under the reaction conditions. Terminal alkynes, such as 1-octyne and phenylacetylene, failed to participate in the reaction due presumably to rapid oligomerization and/or trimerization of alkynes. The catalysis is considered to be initiated by the oxidative addition of a C-CN bond of an aryl cyanide to nickel(0) to give nickel(II) complex D through η 1 -and η 2 -cyano-coordinating intermediates A and B followed by η 2 -arene-coordinating intermediate C (Scheme 3) [12] . Then, an alkyne would coordinate to the nickel center to give pentacoordinate nickel species E, which then would lose a phosphine ligand to give F. The coordinating alkyne would be in the direction to avoid the steric repulsion between bulkier R 2 and the aryl group on the nickel as depicted in F. The aryl group would then migrate to the less hindered alkyne-carbon to give alkenylnickel G (arylnickelation), which upon recoordination of a phosphine ligand undergoes reductive elimination to afford 3 and regenerate the nickel(0). Based on the proposed catalytic cycle, we hypothesized that the arylcyanation reaction could be promoted by increasing the rate of the oxidative addition step because the observed order of reaction rate parallels qualitatively to that of the stoichiometric oxidative addition of Ar-CN bonds to nickel(0) with a positive ρ value associated with a para-substituent of aryl cyanides as disclosed by Jones and coworkers [8j] . We envisioned that coordination of a cyano group to a Lewis acid (LA) [13] could make the cyano moiety a better "leaving group" and, thus, facilitate the oxidative addition. After a thorough survey of many combinations of Ni(cod) 2 , a ligand, and a catalytic amount of LA, we found that moderate LAs like BPh 3 , AlMe 3 , and AlMe 2 Cl in catalytic amount significantly promote the reaction to afford the arylcyanation product even with 1 mol % of nickel catalyst at lower temperatures (entries 1 and 2 of Table 3 vs. entries 4 and 8 of Table 1 ). Under the newly developed binary catalysis, highly electron-rich 4-aminobenzonitriles, which were completely inert under the original conditions without LA, underwent the arylcyanation to give the corresponding adducts in good yields (entries 3 and 4). Highly remarkable is the selective activation of the Ar-CN bonds over the Ar-halogen bonds in 4-chloro-(1v) and 4-bromobenzonitrile (1w) (entries 5 and 6). Even the sterically demanding Ar-CN bond in 2,6-dimethylbenzonitrile (1x) underwent the reaction (entry 7). The selective activation of an Ar-CN bond over an Ar-H bond at C-2 in 1-methyl-3-cyanoindole (1y) demonstrates additional chemoselective feature of the present Ni-LA catalysis (entry 8), since the Ar-H bond is activated exclusively in the absence of LA [14] . The observed dramatic effects of LA catalysis, we assume, is derived primarily from acceleration of the oxidative addition. However, such positive effects may also be operative in the reductive elimination of C-CN bonds [15] and/or other elemental steps. 
ALLYLCYANATION
Oxidative addition of allyl cyanides is well known as an important elemental step in the nickel-catalyzed isomerization of 2-methyl-3-butenenitrile to 3-or 4-pentenenitrile through a π-allylnickel inter-mediate, the second step of DuPont's adiponitrile process [16] . We envisaged that a π-allylnickel intermediate could undergo allylnickelation across alkynes [17] , and subsequent reductive elimination would complete a plausible catalytic cycle of allylcyanation reaction (Scheme 4). This was found to be the case. In the case of allylcyanation, P(4-CF 3 -C 6 H 4 ) 3 was found to be the ligand of choice. Variously substituted allyl cyanides underwent the addition reaction across 2a to give a range of (Z)-2,5-hexadienenitriles (Table 4) . Starting from 3-pentenenitrile (5b) and 2-methyl-3-butenenitrile (5c), the same crotylcyanation product 6ba was obtained as a mixture of stereoisomers (entries 2 and 3), suggesting a common π-allylnickel intermediate. No detectable amount of the adduct at the congested carbon was observed. The reactions of (E)-5,5-dimethyl-3-hexenenitrile (5d) and (E)-4-phenyl-3-butenenitirile (5e) gave the corresponding linear adducts 6da and 6ea as stereochemically pure forms (entries 4 and 5). Table 4 Allycyanation of 2a using substituted allyl cyanides.
The addition of α-siloxyallyl cyanide 5f proceeded at the γ-carbon exclusively to give aldehyde 6fa after acidic hydrolysis (Scheme 5). Formation of a silyl enol ether as an initial product of the present catalytic reaction was proved by using tert-butyldimethylsilyloxyallyl cyanide (5g), affording the corresponding silyl enol ether 6ga in 87 % yield as a mixture of stereoisomers. Other α-siloxyallyl cyanides having a substituent at the α-or β-position underwent the addition reaction successfully (entries 1-4 of Table 5 ), whereas the reaction of γ-substituted one 5l did not give any adduct due presumably to steric repulsion (entry 5). A variety of alkynes including terminal ones participated in the addition reaction to give a mixture of regioisomers. Isomers having a larger substituent at a cyano-substituted carbon were obtained preferentially (entries [7] [8] [9] [10] [11] [12] [13] [14] . Functional groups such as chloro, ester, and phthalimide were tolerated (entries 11-13). 
ALKENYLCYANATION
The carbocyanation reaction using alkenyl cyanides has also been achieved by the aid of Ni-LA dual catalysis (Table 6 ). BPh 3 was found to be the optimum LA catalyst for the alkenylcyanation, because stronger LAs, such as AlMe 3 and AlMe 2 Cl, caused isomerization of the initial cis-adduct to give a mixture of stereoisomers. In this particular carbocyanation process, it is worth noting that the catalyst differentiates precisely the alkenyl-CN bonds of starting alkenyl cyanides from those of products possibly by steric and/or electronic factors. Starting with variously substituted alkenyl cyanides, a range of 2,4-pentadienenitriles were obtained in good yields. Selective activation of the cyano group trans to the phenyl group of benzylidenemalononitrile (7e) to give dicyano-substituted 1,3-diene (8ea) has also been achieved (entry 5). On the other hand, propionitrile (9b) gave ethylcyanation product (10ba) in a low yield together with (E)-2-propyl-2-hexenenitrile (11), which should be derived from oxidative addition of Et-CN bond to Ni(0) followed by β-hydride elimination and hydrocyanation of 2a (Scheme 6).
The nickel-catalyzed carbocyanation reaction across alkynes has been demonstrated. By the assist of LA catalysts, a wide variety of nitriles including aryl, allyl, alkenyl, and alkyl cyanides now participate in the reaction. The addition reaction takes place in general with high stereo-and regioselectivities, providing a rapid and atom-economical access to variously substituted acrylonitriles. Future efforts in this field will be directed to further optimization of the Ni-LA dual catalysis for the broadened scope of alkyl cyanides as well as other unsaturated compounds, especially simple alkenes.
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